use as synthetic precursors, 4 and overall intriguing physical and chemical properties. In particular, the fulvene motif is a useful handle to probe aromaticity in what has been previously called an aromatic chameleon. 5 While there are synthetic methods available for their preparation, most modern methods have become quite complex, using precursors and intermediates that are difficult to synthesize and/or expensive. Furthermore, many preparations use metal catalysts that must be fully removed before any applied use of the fulvene. 6 Recently, there has been an effort to focus on cyclization reactions of enediynes, 7 alkynyl derivatives, 8 and transition-metal-based transformations 9 to obtain these valuable functionalized fulvenes. While these methods have greatly improved our abilities to access a wealth of benzofulvene-based motifs, there is arguably room in this mix for a simple and effective synthetic solution. To that end we have been engaged in modifying and optimizing a traditional route to the benzofulvene core 10 by utilizing substituted indanones to produce known and many novel functionalized benzofulvenes in three simple synthetic steps (Scheme 1).
Scheme 1 Synthetic outline for the formation of functionalized benzofulvenes using simple, proven techniques
Our method utilizes reproducible, standard synthetic transformations that may have a more practical nature than many of the more complex synthetic steps currently being reported. Finally, our method is highly regioselective.
As illustrated in Scheme 1, our synthetic route begins with subjecting commercially available indanone to simple carbonyl coupling with various nucleophilic organometallic reagents (e.g., organolithium, organolanthanum, Grignard). We then subject the crude indanol mixture to known procedures utilizing catalytic iodine 11 or diethylphosphitebased 12 elimination to produce the key indene intermediate. Our final synthetic step is a novel DBU mediated microwave coupling, to attach various benzaldehydes in good yield in a rapid and mild reaction (ca. 10 minutes 60 °C). Herein, we describe our work synthesizing a variety of functionalized benzofulvenes via a simple and mild method.
We began our synthetic process by optimizing the coupling of phenylindene with 4-methylbenzaldehyde (Table  1) 
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cies to mediate the condensation. We found that yields were acceptable using an organolithium reagent in THF (entries 1 and 2). Upon switching to 2-MeTHF the yield was much improved relative to all other solvents investigated (entries 2-5). It is important to note that 2-MeTHF is considered a green solvent as it can be produced from agricultural waste. 13 Other common nucleophilic metal species did improve the yield (entries 6 and 7), but arguably not enough to justify the added expense and complexity. Finally, we investigated using DBU (entry 8) in a microwaveheated transformation. While the yield described in entry 3 was the highest, we had a number of issues regarding reproducibility while using organolithium reagents for the transformation. Additionally the air-free nature of nucleophilic organometallic reagents can be problematic. For these reasons, we opted to use DBU under ambient conditions, because the yield was comparable and we found the reproducibility to be robust. Finally, the synthesis using DBU was much more straightforward from an ease of reaction standpoint, keeping with our desired strategy. We began to develop our synthetic library by functionalizing the exocyclic aromatic portion of the benzofulvene motif, as well as the indene core (Scheme 2). We have demonstrated that highly sterically restricted units can be incorporated in moderate yield (2b and 2d). Highly electron-withdrawing trifluoromethyl groups (2e) could also be incorporated without issue. Unfortunately, we observed a decrease in yield for 2h.
Scheme 2 Synthesis of functionalized benzofulvenes using our optimized procedure (see the Supporting Information for specifics regarding indene synthesis). All yields are for the isolated compound. Microwave heating was conducted using variable wattage.
We continued testing our method by incorporating electron-rich nucleophiles by transitioning to an organolanthanum addition during the indanone to indene synthesis (Scheme 3). When using standard carbonyl coupling reagents (i.e., organolithium or Grignard) we observed complete selectivity for the acid-base reaction. Upon switching to an organolanthanum coupling partner we were rewarded by improved yield for indene 1d.
Once we successfully synthesized the methoxynaphthalene benzofulvene (Scheme 4, 3a) we aimed to synthesize a hydroxyl derivative using a BBr 3 deprotection 14 to produce 3b. We were delighted to witness this transformation without degradation of the fulvene motif. Furthermore, a hydroxyl derivative would allow for further reactivity through a variety of alkoxide-based transformations. Finally, we were able to produce fluoro derivative 3c. H NMR analysis using a hexadecane internal standard. c DBU (1 equiv.) was used. 
Scheme 4 Continued synthesis of highly functionalized benzofulvenes utilizing an organolanthanum coupling partner to indanone. The yield reported of 3b is after a BBr 3 deprotection of 3a. All yields are for the isolated compound. Microwave heating was conducted using variable wattage.
Additionally, we have provided preliminary evidence that our method is capable of producing larger benzofulvene dimers (Scheme 5). These dimers are a particularly interesting class of benzofulvenes because of their larger twodimensional conjugation. We were particularly pleased with the synthesis of more sterically restricted dimer 4a, albeit in low yield.
Finally, in an effort to unambiguously determine structure, we obtained XRD structures for select compounds ( Figure 1 ). Significantly, these will add to the limited number of fulvene-based structures available in the literature. Furthermore, our synthetic method allows for facile access to a wide variety of benzofulvenes that can be used to probe the interesting structural features related to the fulvene motif. Specifically, we wish to probe how dihedral angles around the exocyclic arene affect the bond length alternation of the fulvene. By producing a larger pool of crystal structures, we hope to probe how the bond length alternation of the fulvene is changed by the exocyclic arene. This ongoing work may provide further empirical evidence to reveal the nature of the aromatic characteristics of the fulvene. In effect, we have established a simple and mild strategy for the synthesis of functionalized benzofulvenes. We have demonstrated broad functional group tolerance and the synthesis of some interesting benzofulvene motifs, including sterically bulky examples, an ability to incorporate EWGs and EDGs, and larger dimers using a simple and mild approach. 
Oxygen-and moisture-sensitive manipulations (indene synthesis) were performed by using standard Schlenk line techniques using anhydrous nitrogen gas.
Reagents 2-MeTHF, DBU, THF, various benzaldehydes, phenyl magnesium bromide and lanthanum(III) chloride were purchased from chemical manufacturers (i.e., Sigma Aldrich, TCI and Oakwood Chemical) and used without further purification. 1 H and 13 C NMR spectra were measured with a Bruker 500 MHz Avance III NMR Spectrometer. All spectra were referenced to the respective solvent of CDCl 3 . GCMS was acquired with a HP GCMS with auto sampler. HRMS was obtained by the University of Michigan's Mass Spectrometry Facility. Microwave heating was performed with a Biotage Emrys Optimizer 300 W synthesizer. All microwave heating was performed in a sealed reaction vessel under ambient conditions using variable watt heating. The procedure for 2a was followed using indene 1b (0.100 g, 0.37 mmol), 2,6-dimethylbenzaldehyde (0.049 g, 0.37 mmol), 2-MeTHF (1.0 mL), and DBU (0.056 g, 0.37 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid. X-ray diffraction yielded crystal structure (CCDC 1835914).
Synthesis of Functionalized Benzofulvenes 2a-4b

Figure 4
Benzofulvene 2c (Figure 4)
The procedure for 2a was followed using indene 1a (0.100 g, 0.52 mmol), o-tolualdehyde (0.073 g, 0.52 mmol), 2-MeTHF (1.1 mL), and DBU (0.081 g, 0.53 mmol). The crude oil was subjected to flash chromatography (95:5, hexane/EtOAc; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange oil/solid.
Yield: 0.109 g (0.13 mmol, 67% The procedure for 2a was followed using indene 1b (0.099 g, 0.37 mmol), 2-isopropylbenzaldehyde (0.055 g, 0.37 mmol), 2-MeTHF (1.0 mL), and DBU (0.056 g, 0.37 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give an orange/red oil.
Yield: 0.102 g (0.25 mmol, 69% 
Figure 6
Benzofulvene 2e ( Figure 6 )
The procedure for 2a was followed using indene 1b (0.099 g, 0.37 mmol), 2-trifluoromethylbenzaldehyde (0.064 g, 0.37 mmol), 2-MeTHF (1.0 mL), and DBU (0.056 g, 0.37 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid. The procedure for 2a was followed using indene 1a (0.100 g, 0.52 mmol), 2-bromobenzaldehyde (0.096 g, 0.52 mmol), 2-MeTHF (1.0 mL), and DBU (0.082 g, 0.52 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid. X-ray diffraction yielded crystal structure (CCDC 1835913).
Figure 8
Benzofulvene 2g (Figure 8 )
The procedure for 2a was followed using indene 1a (0.100 g, 0.52 mmol), 2-chlorobenzaldehyde (0.076 g, 0.52 mmol), 2-MeTHF (1.0 mL), and DBU (0.082 g, 0.52 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid. X-ray diffraction yielded crystal structure (CCDC 1835911).
Figure 9
Benzofulvene 2h (Figure 9 )
The procedure for 2a was followed using indene 1b (0.100 g, 0.37 mmol), 2-chloro-4-methoxybenzaldehyde (0.063 g, 0.37 mmol), 2-MeTHF (1.0 mL), and DBU (0.056 g, 0.37 mmol). The crude oil was subjected to flash chromatography (hexane; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid.
Yield: 0.031 g (0.074 mmol, 20%); mp 120-123 °C. 
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Benzofulvene 2i (Figure 10) The procedure for 2a was followed using indene 1b (0.100 g, 0.37 mmol), 2-bromobenzaldehyde (0.068 g, 0.37 mmol), 2-MeTHF (1.0 mL), and DBU (0.056 g, 0.37 mmol). The crude oil was subjected to flash chromatography (98:2, hexane/EtOAc). The solvent was removed under reduced pressure to give a crystalline orange solid. The procedure for 2a was followed using indene 1d (0.150 g, 0.49 mmol), 3-chlorobenzaldehyde (0.0687 g, 0.49 mmol), 2-MeTHF (1.0 mL), and DBU (0.0744 g, 0.49 mmol). The crude oil was subjected to flash chromatography (95:5, hexane/EtOAc; R f = 0.9). The solvent was removed under reduced pressure to give a crystalline orange solid. To a dried and flushed flask was added benzofulvene 3a (125 mg, 0.292 mmol) and anhydrous dichloromethane (3 mL). The solution was cooled to 0 °C, and boron tribromide (1.0 M in CH 2 Cl 2, 0.32 mL) was added dropwise. The reaction was warmed to r.t. and stirred overnight. Upon completion, the reaction was worked up with sodium thiosulfate (25 mL, 10% aqueous) and EtOAc (20 mL). 
Figure 13
Benzofulvene 3c ( Figure 13 )
The procedure for 2a was followed using indene 1c (0.160 g, 1.1 mmol), 3-chlorobenzaldehyde (0.22 g, 1.0 mmol), 2-MeTHF (2.0 mL), and DBU (0.170 g, 1.1 mmol). The crude oil was subjected to flash chromatography (95:10, hexane/EtOAc; R f = 0.8 
Figure 14
Benzofulvene 4a (Figure 14 )
The procedure for 2a was followed using indene 1a (0.200 g, 1.0 mmol), m-phthalaldehyde (0.070 g, 0.5 mmol), 2-MeTHF (1.0 mL), and DBU (0.182 g, 1.2 mmol). The crude oil was subjected to flash chromatography (95:5, hexane/EtOAc; R f = 0.8). The solvent was removed under reduced pressure to give a yellow oil.
Yield: 0.040 g (16% The procedure for 2a was followed using indene 1a (0.200 g, 1.0 mmol), p-phthalaldehyde (0.070 g, 0.5 mmol), 2-MeTHF (1.0 mL), and DBU (0.185 g, 1.2 mmol). The crude oil was subjected to flash chromatography (95:5, hexane/EtOAc; R f = 0.8). The solvent was removed under reduced pressure to give a red solid.
Yield: 0.100 g (40%); mp 212-214 °C. Full characterization data can be obtained from a prior publication.
16
Funding Information
We would like to thank the PLU Division of Natural Sciences for funding this work. ( )
